and consumption has been seen in many countries (Jones 2007; Raffo et al. 2002) . Climatic factors and conditions that optimize plant growth are important for the natural taste and quality of tomato fruit. The supply of adequate essential minerals to plants could play an important role in improving the quality and nutritional value of tomatoes (Passam et al. 2007) . Therefore, the application of chemical fertilizers has been a tool in field and greenhouse management to optimize tomato yield and quality. In many cases, the application of chemical fertilizers, especially N fertilizers at high rates in tomato cultivation, leads to human health risks through nitrate accumulation in fruits, as well as by the higher nitrate content of ground water. It is vital that the management of fertilizing programs respects human and environmental health standards (Meyer-Aurich et al. 1998; Jones 2007) .
Plants need different essential elements for normal growth and productivity, among which nitrogen represents the most important macro-element. Nitrogen fertilizers have an important role in improving plant growth and yield in many agricultural crops (Souri and Roemheld 2009) . Consequently, different forms of nitrogen fertilizers are used in cropping systems (Marschner 1995) . The use of nitrogen fertilizers in vegetable production is significantly higher compared to other crops (Dehnavard et al. 2014) . Nitrogen can be supplied to plants in different forms, and can be taken up by roots in anionic (NO 3 -) and cationic (ΝΗ 4 + ) forms (Forde and Clarkson 1999) . For agricultural applications, ammonium is preferred over nitrate for agricultural, both in regards to the environment as well as plant energy efficiencies (Britto and Kronzucker 2002; Souri and Roemheld 2009) . The application of ammonium instead of nitrate, or in combination with nitrate, can be of particular importance in the production process of horticultural crops, especially vegetables. In soil, it is possible to have prolonged ammonium nutrition through a combination of ammonium fertilizers with nitrification inhibitors (Hahndel and Zerulla 2001) . This can lead to an improvement in nitrogen fertilizer efficiency from both economical and environmental points of view (Marschner 1995; Xu et al. 2001) . Abstract: This study was done to evaluate the effects of foliar application of ammonium sulfate on growth and fruit quality of tomato plants under hydroponic culture system. Over four months of tomato plant growth, plants were sprayed once per week with different concentrations of ammonium sulfate (0, 50, 100 and 200 mM), as well as with 50 mM every second day. Foliar application of ammonium sulfate led to reductions in many growth and quality parameters, and higher ammonium concentrations exerted greater reductions. Number of leaves, fresh weight of shoots, percentage of leaf dry weight and fruit yield were negatively associated with the treatment with ammonium sulfate. However, leaf nitrogen concentration, fruit diameter and fruit length increased significantly by the application of ammonium. Fruit quality factors were also affected by ammonium sulfate spray treatments. The maximum pH, titratable acidity and total soluble solids (TSS) were obtained from the lowest (50 mM) weekly application of ammonium sulfate. The results indicate that foliar application of ammonium in moderate concentrations could have beneficial effects on plant growth and quality of tomato fruit. (Souri and Roemheld 2009) , especially in hydroponic cultures. It has been shown that tomato has a particular adaptation to nitrate nutrition and shows different toxicity symptoms in response to ammonium nutrition (Claussen 2002) . However, as far as human and environmental health are concerned, ammonium nutrition of agricultural plants is safer than nitrate nutrition (Souri and Roemheld 2009; Stopes et al. 1989) .
Keywords
The potential for the fertilization of plants using foliar sprays has been recognized for many years. Foliar feeding represents a useful technique for the supply of plants with essential nutrient elements under stress conditions. In addition, finding a more efficient and less toxic method of ammonium application in hydroponic culture would be quite valuable. Foliar application could be a good practical replacement for ammonium root nutrition through nutrient solutions. Therefore, the aim of this study was to evaluate the response of tomato plants to foliar application of ammonium sulfate in hydroponic culture.
Material and Methods
This study was conducted in 2012 at the Faculty of Agriculture, Trabiat Modares Uni., Tehran-Iran, under greenhouse conditions. Tomato seeds (Lycopersicon esculentum var Green Super) were germinated (20 March 2012) in a mixture of fine sand (0.05 mm) and cocopeat (1:1 volume) under greenhouse-controlled conditions (26/20±3 o C day/night temperature, 70% relative humidity). Three weeks after germination (at the four-leaf stage), homogeneous seedlings were transferred to pots containing a mixture of cocopeat and perlite (3:1 ratio v/v). The nutrient solution composition was according to the Hoagland formula (Hoagland and Arnon 1950) . All treatments consisted of four pots (50 cm height and 35 cm diameter) as replicates, each containing two plants. For the first week after transplantation, seedlings were supplied with ¼ Hoagland nutrient solution, and thereafter the full nutrient solution (250 mL per day per pot) was applied; the amount of applied solution was increased to 1.5 L per day after four weeks. The nitrogen concentration in Hoagland solution was 210 mg L -1 N-nitrate. The experiment consisted of five treatments and four replicates arranged in a completely randomized design. Different concentrations of ammonium sulfate of 0, 50, 100 and 200 mM once per week, or 50 mM every other day, were sprayed on tomato plants. Distilled water was sprayed as the zero concentration treatment, serving as the control. The amounts of sprayed N in form of ammonium were subtracted from the total N concentration of nutrient solution. The first foliar spray was applied on 25th April 2012, and treatment continued until 7 July 2012. Spraying occurred in the early morning for better absorption of the applied solution. A solution of ammonium sulfate, 5 mL to 30 mL per plant based on plant growth stage, was applied.
At the final harvest, the chlorophyll index was measured by SPAD meter (model 502 Plus, Illinois, USA) on different areas of ten randomly selected leaves per pot. The number of leaves per plant was counted, and the cumulative harvests of fruit were recorded as fruit yield. Fruits were harvested at the fully ripened stage. The total fresh weight of the shoots was recorded using a precision balance. About 200 g of fresh shoots was dried at 60°C in an oven for 48 hours, and the dry weight of shoots was calculated as weight percentage (Dehnavard et al. 2014) . Leaf nitrogen concentration was determined by the Kjeldahl method. After harvesting, fruits were transferred to the laboratory for further quality assessments. The diameter and length of fruit was measured by digital caliper (Mitutoyo 0.02 mm). For the determination of fruit dry weight, five fruits were randomly selected and sliced, and then 50 g of the slices was dried at 65 °C in an oven for 48 hours.
Total fruit soluble solids (TSS) were measured by a portable refractometer (Atago, Tokyo, Japan). For the determination of titratable acidity (TA) and fruit pH, 100 g of fresh fruit tissue was crushed in a porcelain mortar and then the juice was transferred into a 50 mL tube, and centrifuged at 4000 rpm for 10 min. An aliquot of 10 mL of the supernatant was transferred into an Erlenmeyer flask, to which 75 mL of distilled water was added. Subsequently, the pH of the solution was recorded with a digital pH meter (Model 744, Metrohm, Sweden). Vitamin C of fresh fruits was measured following Mozafar et al., (1993) . For the determination of TA, the titration was carried with NaOH 0.1 N up to a pH of 8.2. The volume of the base solution for neutralization (V NaOH ) was used in the following formula for the determination of TA (mg of citric acid/100 g fresh weight (FW) (Dehnavard et al. 2014) : TA (%) =N x V NaOH x Equiv. weight/ V sample x 10.
Data were analyzed using the software SPSS 16, and a comparison of means was done at the 5 % significance level, by Duncan's multiple range test.
Results
The analysis of variance for different plant parameters is presented in Table 1 . There was a significant difference at the 1% level for plant yield, total shoot fresh weight, number of leaves, fruit diameter and TSS, and at the 5 % level for fruit pH and titratable acidity. Fruit length was not significantly influenced by treatment (Table 1) .
The comparison of means showed significant differences among the treatments for plant growth and fruit quality parameters. The chlorophyll index (SPAD value) was higher in ammonium-sprayed than in control plants. Plants treated with 50 mM ammonium sulfate every other day showed the highest SPAD value (Table 2) . Control plants and those sprayed weekly with 50 mM ammonium sulfate showed the highest number of leaves per plant, whereas treatment with 100 or 200 mM ammonium sulfate resulted in about 28% less leaves per plant compared to the control (Figure 1 ). Plant shoot fresh weight was adversely affected by the application of ammonium sulfate. The maximum shoot fresh weight (Figure 2 ) was obtained from the control plants, and was significantly greater than the weight of the plants treated with ammonium, except for those subjected to the weekly application of 50 mM. Sprays of higher concentrations of ammonium sulfate (100 and 200 mM), or 50 mM every other day, resulted in lower shoot fresh weights (42-48% reduction). Application of either 50 mM ammonium sulfate every other day, or 200 mM once a week, significantly reduced the stem diameter of tomato plants (Table 2 ). Leaf Table 2) . Sprays of different concentrations of ammonium sulfate reduced the fruit yield of tomato plants (Figure 3) . Control plants had the highest yield per plant, which was significantly higher than in those plants which had received the other treatments. The lowest yield was obtained in the 200 mM treatment. There was no significant difference between the other ammonium spray treatments. Plants sprayed with 100 mM ammonium sulfate had the greatest fruit length and diameter, which were both significantly greater than for the other treatments, except for the 200 mM treatment. The lowest fruit diameter was seen with the weekly application of 50 mM (Table 2) .
Plants sprayed weekly with 50 mM ammonium sulfate showed a higher percentage of fruit dry weight compared to the other treatments, except for the control plants (Table 2) . Plants sprayed with 100 mM ammonium sulfate had the lowest percentage of fruit dry weight. Fruit juice pH was significantly higher from the plants which had received the weekly 50 mM spray compared to the control plants and those treated with 50 mM every other day ( Table 2 ). The total soluble solid content of fruits (TSS) was significantly higher with weekly application of 50 and 100 mM ammonium sulfate (Figure 4) . The results also showed that spraying plants with 50 mM ammonium sulfate every other day, and weekly with 100 mM, resulted in significantly higher titratable acidity of fruits ( Figure 5 ).
Discussion
This study showed that tomato growth, yield and fruit quality parameters were strongly influenced by ammonium sulfate sprays. Many growth and quality traits were negatively affected by foliar application of different ammonium sulfate concentrations. Typically, ammonium nutrition of plants is achieved through the root system, resulting in strong toxicity symptoms in many plants in hydroponic systems (Souri and Roemheld 2009; Souri et al. 2011) . Importantly, previous studies have shown that tomato plants are distinctly sensitive to ammonium nutrition, particularly in hydroponic culture (Britto and Kronzucker 2002; Claussen 2002; Souri and Roemheld 2009 ). However, other crops, including pepper (Xu et al. 2001; Souri et al. 2011 ), cauliflower (van der Erden 1982 , and many other plants such as cucumber, cotton and lettuce, are sensitive to even lower concentrations of ammonium, resulting in different toxicity symptoms (Britto and Kronzucker 2002) .
Studies on achieving ammonium nutrition through leaves are rare, as little information is available in the literature. Similar to root feeding (Souri and Roemheld 2009) , foliar application of ammonium sulfate resulted in restricted growth and fruit quality of tomato plants. Other Means show difference at 5% significance level of Duncan test studies revealed that plant root application of ammonium, rather than nitrate, led to lower growth rate, but higher chlorophyll concentration in the leaves (Claussen 2002; Souri and Roemheld 2009 ).This study shows that foliar application of ammonium sulfate also results in a higher chlorophyll index but a lower growth rate. Higher chlorophyll readings in broccoli (Villeneuve et al. 2002; Yildirim et al. 2007 ) and in cabbage (Westerveld et al. 2002) were also observed with urea foliar application. Due to effects on the pH, ammonium nutrition could also lead to better uptake of some microelements such as Fe and Mn, which play an important role in plant metabolism, photosynthesis and chlorophyll concentrations. All ammonium sulfate sprays increased leaf N concentration. Rapid absorption of applied ammonium probably resulted in higher leaf N concentration. Reduction in leaf area and cell size can also contribute to higher N concentration of leaves under ammonium treatment (Britto and Kronzucker 2002; Souri and Roemheld 2009) , that was also observed in the present study (data not shown).
Tomato fruit yield decreased in plants treated with ammonium sulfate sprays compared to the control plants. Weekly application of 50 mM showed promising results with only a slight reduction in fruit yield, suggesting a potential for ammonium nutrition through the leaves. Although increases in the yield by N application or urea sprays have been reported for many crops including tomato (Chaurasia et al. 2005) , faba bean (Zeidan 2003) , onion (Zahran and Abdoh 1998) , cabbage (Kolota and Osinska 1999) and broccoli (Yildirim et al. 2007 ), the spray operation in those studies was performed as a complementary single application. On the other hand, while nitrogen fertilization may increase the total fruit yield, it usually results in a reduced yield of marketable fruits (Parisi et al. 2004) . Negative effects of ammonium sprays on tomato yield could be due to restricted vegetative growth, as seen in shoot fresh weight (Figure 2) , and the possible toxicity of ammonium on tomato floral development. Nevertheless, it seems that tomato leaves are less sensitive to ammonium than tomato roots (see Souri and Roemheld 2009) ; in solution culture and with ammonium root uptake, low-medium pH as a result of H + ion counter release kills plants in several days (Souri and Roemheld 2009) , but this was not the case in the present study, which used foliar application of ammonium sulfate.
This study also showed changes in fruit quality and an insignificant reduction of vitamin C (data not shown) by ammonium spray treatments. Similar results were also reported with foliar application of urea at different concentrations (Guvenc et al. 1995) . Increasing the nitrogen application to tomato (Chaurasia et al. 2005; Dehnavard et al. 2014; Heeb et al. 2005; Parisi et al. 2004) , broccoli and cabbage (Babik and Elkner 2002; Sorensen 1998 ) resulted in similar findings. Nitrogen fertilizers, especially at high rates of application, seem to decrease the concentration of vitamin C in many fruits and vegetables; including potatoes, tomatoes and citrus fruits (Mozafar 1993) . High nitrogen supply to tomatoes could worsen some important processing characteristics such as pH, soluble solids, glucose and fructose content as well as the reducing sugar/total solids ratio (Parisi et al. 2004 ). Guvenc et al. (1995) reported that foliar urea application improved some quality (Vitamin C and Titratable acidity) and growth properties of tomato. It has been shown that different forms of nitrogen, as organic or mineral fertilizers, can change the yield, quality and taste of tomatoes (Heeb et al. 2005) .
From the ecological point of view, without any doubt ammonium is a safer nitrogen source for plant nutrition than nitrate. This is mainly due to its cationic form of absorption by soil particles, while most nitrate fertilizers applied to soil, or even in hydroponics medium, may be washed out leading to the pollution of surface and ground waters. The application of ammonium to cropping systems (soil based cultivations) could be a well accepted solution particularly in organic farming (Souri 2010; Souri and Neumann 2009 ). However, the major limitation is the sensitivity of many plants to ammonium in hydroponic culture. The development of effective strategies and solutions could thus have important practical benefits. The present study demonstrates that, using a foliar spray of ammonium, it is possible to have ammonium nutrition with little negative effects on tomato plants
Conclusion
In conclusion, foliar application of ammonium sulfate showed some negative effects on growth and yield of tomato plants. However, the adverse effects of ammonium on plant growth were less pronounced when compared to ammonium nutrition through the roots (see Souri and Roemheld 2009 ). In addition, there was some improvement in fruit quality parameters by spraying lower concentrations weekly rather than using daily sprays. However, further investigations are required to minimize some of the negative effects associated with foliar ammonium application on plant growth.
